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Introduction
Metal-organic frameworks (MOFs) 1 are an emerging class of porous materials that have received intensive investigation in recent years due to their high surface areas, and structural and chemical tunability. These features are attractive for a wide range of applications, including gas storage, molecular separations, heterogeneous catalysis, and their integration within functional devices. 2 While the large library of MOFs now available to researchers encompass a broad range of properties, there is an increasing need for the development of techniques that facilitate molecular-level manipulations of their framework compositions to engender an even greater degree of control over the properties of the materials.
In the area of mixed-metal and mixed-ligand MOFs, a number of preparative strategies have emerged that afford functionalised variants of existing structure types, and considerable effort has also been directed toward the discovery of unique structure types that depend on the mixed compositions for their assembly. These synthetic methods can generally be classified into direct synthetic methods that employ mixed-component reaction solutions, 3 and postsynthetic modification that induce exchange or insertion at the metal nodes 4, 5 (single ions or clusters) or organic linkers constituting the framework. 6 These methods generally lead to statistical mixtures (i.e. solid solutions) of the components throughout the crystals, and in this context, examples of structure types that allow site-specific manipulations have remained rare. Furthermore, expansion of the synthetic scope of such mixed-metal and ligand systems is expected to provide greater insight related to the influence of such modifications on the framework properties.
With this in mind, we selected the microporous Mn 3 L 3 (Mn-MOF-1; H 2 L = bis(4-(4'-carboxyphenyl)-3,5-dimethylpyrazolyl)methane) compound for investigation as a potentially versatile platform for systematic metal and ligand substitutions. 7 This material features free bispyrazolate coordination sites that are available for post-synthetic metal insertions, providing the opportunity for the composition of the metal component to be tuned at both the metal node and at the bispyrazolate sites. Moreover, the incorporation of linkers with additional functionalisation at the periphery of the bispyrazolate moieties is also of interest for tuning the metal binding affinity, as well as the dynamic properties of the framework. Herein, we describe the synthesis and characterisation of a series of frameworks in which a trifluoromethyl-functionalised derivative of L (H 2 L' = bis(4-(4'-carboxyphenyl)-3,5-di(trifluoromethyl)pyrazolyl)methane) is introduced into the framework. Interestingly, the L' linker is demonstrated to principally occupy just one of the two unique linker positions within the framework, despite the use of a one-pot, mixed-ligand synthetic procedure. Further, the outcomes of post-synthetic metal exchange reactions on the parent Mn 3 L 3 compound with Fe 2+ and Fe 3+ cations are probed, which are demonstrated to afford mixed-metal compositions while preserving the original framework connectivity.
The results serve to demonstrate the versatility of the Mn 3 L 3 structure type toward both metal and ligand substitutions, and the potential utility of site-specific functionalisation in preparing MOFs with precisely tuned properties.
Experimental Section
Unless otherwise stated, all preparations of the organic compounds were performed under an Ar atmosphere using standard Schlenk techniques with dried and degassed solvents. All MOF synthesis reactions were carried out in the air. All reagents except 4-bromo-bis(3,5-trifluoromethyl)pyrazole 8 were obtained from commercial vendors and used without further purification. Powder X-ray diffraction data were collected on a Bruker Advance D8 diffractometer equipped with a capillary stage using Cu Kα radiation (λ = 1.5418 Å). NMR spectra were recorded on a Varian 500 MHz spectrometer operating at 23 °C and equipped with a 5 mm probe. Thermogravimetric analysis was performed on a PerkinElmer STA-6000 instrument using a nitrogen flow. Adsorption isotherms were collected on a Micromeritics ASAP 2020 instrument using liquid nitrogen (77 K), dry ice/acetone (195 K) and water (298 K) baths for the N 2 , CO 2 , and H 2 O isotherms, respectively. Single-crystal X-ray diffraction data were collected on the MX1 beamline of the Australia Synchrotron (λ = 0.71073 Å) -see the Supporting Information for full experimental details.
Synthetic Procedures
Bis(4-bromo-3,5-di(trifluoromethyl)pyrazolyl)methane (1). A previously reported method for the synthesis of bis(3,5-di(trifluoromethyl)pyrazolyl)methane was adapted. 9 A solution of 4-bromo-3,5-trifluoromethylpyrazole (1.5 g, 5.3 mmol) in anhydrous DMF (3.2 mL) was added dropwise to a vigorously stirred mixture of NaH (0.18 g of a 60% paraffin oil dispersion) in anhydrous DMF (1.6 mL). Diiodomethane (0.32 mL, 3.9 mmol) was then added, and the mixture was heated at 80 ˚C for 2 days. The mixture was cooled to room temperature, poured into diethyl ether (50 mL), and the organic layer was washed with aqueous K 2 CO 3 solution (3 × 20 mL), brine (1 × 20 mL), dried over MgSO 4 . The solvent was evaporated under a reduced pressure, and the resulting brown oil was cooled in a salted ice-bath to yield crude 1 as a brown solid (1.7 g). This was kept under vacuum for 2 days to remove a diiodomethane impurity to afford the pure product as an off-white solid (1.2 g, 75% 
Bis(4-(4'-ethoxyphenyl)-3,5-di(trifluoromethyl)-pyrazolyl) methane (2).
To a mixture of 1 (540 mg, 0.9 mmol), 4-phenylboronic acid ethyl ester (800 mg, 4.1 mmol) and K 2 CO 3 (2.48g, 17.9 mmol) in dioxane (30 mL) was added Pd(PPh 3 ) 4 (170 mg, 0.15 mmol). After degassing the mixture for 20 min, the mixture was heated at 90 ˚C for 5 days. After cooling to room temperature, the solvent was evaporated to yield a dark brown solid which was dissolved in chloroform. The solution was filtered, and removal of the solvent resulted in crude 2 as a dark brown solid. The pure product was obtained following purification via column chromatography (silica gel, dichloromethane) as a white solid (280 mg, 44%). 1 Mixed-metal frameworks. In a typical procedure (described for Fe(acac) 3 as the iron source), the as-synthesised material, Mn 3 L 3 (24.0 mg), was firstly solvent-exchanged with dry acetonitrile. The solvent was decanted and replenished five times, each time allowing the crystals to soak for 10 min between each cycle. Then, Fe(acac) 3 (30.0 mg; acac -= acetylacetonate) was added to the vial and the resulting mixture was placed in an oven pre-set at 65 °C for 1, 5 or 10 days. The orange suspension was then allowed to cool to room temperature, and the solvent was exchanged with freshly dried acetonitrile (× 5). The solvent was decanted and the crystals were dried under a dynamic vacuum to afford the Feexchanged material. The same exchange procedure was performed for FeCl 2 ·4H 2 O and FeCl 3 , using ethanol and acetonitrile as the exchange solvents, respectively. X-ray diffraction data for these compounds were collected at 100(2) K on the MX-1 beamline of the Australian Synchrotron (λ = 0.71073 Å). CCDC accession codes 1143923 and 1143924 contain the structural data associated with the samples exchanged with FeCl 3 and FeCl 2 ·4H 2 O, respectively. Further details associated with the data collection and structural refinement are provided in the supporting information (see also Table S1 ).
Inductively-coupled plasma mass spectrometry (ICP-MS).
Each sample was synthesized separately three times and the bulk dissolved in a 2% HNO 3 sample at 65 °C overnight. The samples where then filtered through a 45 µm filter to remove any ligand and particulate matter. Each sample was then diluted to within the measurement range. The samples where then analysed on an Agilent 7500cs solution ICP-MS instrument to evaluate the Fe-to-Mn ratio, and the average of the three samples were tabulated in Table 1 (see below) .
Results and Discussion
Prior to discussing the preparation and characterisation of the new materials, we first briefly review the structural details of the parent Mn 3 L 3 structure type 7 that are relevant to the manipulations in the mixed-component systems. 
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Mixed-ligand frameworks
The synthesis of mixed-ligand frameworks was carried out by systematically tuning the composition of the reaction mixture, while holding constant all other reaction conditions employed in the synthesis of the Mn 3 L 3 compound. Specifically, the mole ratio of the trifluoromethyl-substituted linker L ' was varied with respect to the parent ligand L (see Fig. 1C ) between 0.00 (all L) to 1.00 (all L'). Crystalline materials were obtained for all reactions, and the powder X-ray diffraction patterns collected for selected samples are shown in Fig. 2 . The data revealed that the parent Mn 3 L 3 structure type was preserved up to a mole ratio of 0.46. Within this range, a gradual shift in the peaks to lower 2θ angles was observed an increasing content of L', potentially reflecting a slight expansion in the unit cell parameters due to the bulkier trifluoromethyl substituents present within the L' linker. Interestingly, at 0.50 and higher L' compositions, a new crystalline phase was obtained in high purity up to an L' content of 1.00. Further, observation of the crystal morphology showed that the crystals adopt a rhombusshaped morphology for the parent Mn 3 L 3 phase (Fig. S1 ), while at a mole ratio up to 0.46, a uniform, block-shaped morphology was observed (Fig. S2) . At higher proportions of L', very thin plates not suitable for single-crystal X-ray analysis were obtained (Fig. S3 ). These changes in crystal morphology coincide with the L' levels in the reaction mixture that induce changes in the powder X-ray diffraction patterns, providing further evidence for changes in the composition and structure of the resulting frameworks.
The degree of incorporation of L' into the materials was examined via a combination of 1 H-and 19 F-NMR experiments 10 for samples that displayed powder X-ray diffraction data matching that of the parent Mn 3 L 3 structure type. Since the methylene bridge of L and L' display distinct 1 H-NMR chemical shifts (δ 6.28 and 7.04 ppm, respectively), the content of L' in the MOF sample was able to be estimated via integration of the respective methylene signals. Interestingly, analysis of the peak integrals revealed a linear relationship between the mole ratio of L' in the framework and the mole ratio within the reaction mixture (see Fig. 3 ). A maximum ratio of ca. 0.17 was observed for a reaction mixture containing a mole ratio of 0.42 in L'. Note that the samples obtained using reaction mixtures containing higher levels of L' (i.e. 0.5 and higher) did not exhibit any content of the L linker, indicating the formation of a new phase consisting of only L' linkers.
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Following elucidation of the composition of the samples, the impact of the mixed composition on the metal uptake (i.e. metal insertion at the pillar bispyrazolate binding site) was investigated. Here, each sample was immersed in a methanol solution containing an excess of CoCl 2 ·4H 2 O, and heated at 65 °C for a period of 16 h. After this time, the products were subjected to energy dispersive X-ray (EDX) and inductivelycoupled plasma mass spectrometry (ICP-MS) experiments. cations revealed full occupancy of the bispyrazolate binding sites under the same reaction conditions. 7 Therefore, we surmised that the decrease in Co 2+ uptake is a result of the L' linker being unable to accommodate metal species at its bispyrazolate moiety under these conditions. Further, the slope of the linear fit in Fig. 5 was a close match with the maximum decrease in Co 2+ metalation that would be observed for a case where all of the L' occupied the pillar site (blue dotted line in Fig. 4) , suggesting that site-specific substitutions were obtained with chiefly the L linkers occupying the square grid positions in the framework. In order to elucidate the origin of this observation, we firstly investigated the binding environment around the Mn 3
6+
cluster of the metal node in more detail. The similarity in powder X-ray diffraction patterns between the parent Mn 3 L 3 material and the mixed-ligand frameworks suggested that the ligand environments about the Mn 2+ ions were structurally similar. Modeling of the substitution of the position of the methyl groups on the 3 and 5 positions of the pyrazolate rings with trifluoromethyl groups (Fig. S4 ) resulted in larger van der Waals radii of the substituent groups, which were incompatible with the packing of the ligand groups around the cluster. This further supports the L' linker being directed to the pillar sites of the structure, where only their carboxylate groups, which are unaffected by the functionalisation on at pyrazolate rings, participate in binding to the metal clusters. Further, DFT calculations were carried out on a truncated portion of the linker in order probe the absence of Co 2+ metalation at the bispyrazolate site of the L' linkers when in the pillar position. Firstly, we note that in the Mn 3 L 3 compound, the metalation results in a structural change at the pillar linkers necessitating a rotation about the methylene hinge within the L linker (see Fig. S5, upper panel) . We suspected that this rotation was greatly hindered in the L' linker due to the greater steric bulk of the trifluoromethyl groups. 12 Computation of the molecular energy as a function of the dihedral angle between the two pyrazolate rings showed a considerably larger barrier to rotation in L' compared to L (see Fig. S5, lower panel) , which is expected to inhibit access to the conformation necessary to bind metal ions. In addition to this steric factor, the binding of Co 2+ is also likely to be significantly weaker within L' due to the decreased donor strength of the bispyrazolate groups due to the electron-withdrawing nature of the trifluoromethyl substituents. Thus, from these modelling data, it can be deduced that the L' component favourably occupies the pillar position in the crystal structure, and the trifluoromethyl-substituted bispyrazolate groups are unable to act as binding sites for metal ions, resulting in a lower Co 2+ uptake as the concentration of L' within the structure is increased. After elucidation of the composition and structure of the mixed-ligand systems, the material containing the maximum quantity of L' linkers (reaction L' content: 0.42; composition: Mn 3 L 2.49 L' 0.51 ) was subjected to gas sorption experiments. The N 2 adsorption isotherm collected at 77 K presented in Fig. S6 represents a type-I isotherm reflecting the microporous nature of the structure, while the slightly decreased total adsorption capacity reflects the increased steric bulk and mass of the trifluoromethyl groups compared to the methyl groups in the parent compound. Furthermore, as shown in Fig. S7 , the material exhibits a stepped CO 2 adsorption isotherm at 195 K, which is consistent with the dynamic nature of the parent Mn 3 L 3 framework. However, the position of the step is located at significantly higher pressures once the L' linker is introduced, presumably due to its larger barrier to rotation about the methylene hinges as described above. Similar observations are observed for the adsorption isotherm for H 2 O (293 K; Fig. S8 ).
Mixed-metal frameworks
The ability of the Mn 3 L 3 compound to accommodate functionalised linkers prompted the investigation of postsynthetic metal exchange and metalation reactions. Owing to its redox activity and its potential for use in catalytic reactions, several Fe 2+ -and Fe 3+ -containing metal sources, namely FeCl 2 ·4H 2 O, Fe(acac) 3 , and FeCl 3 were selected for testing. Here, samples of Mn 3 L 3 were suspended in a concentrated solution of the metal salt in an organic solvent at room temperature or under mild heating (60 °C), and the composition of the material was analyzed by ICP-MS after 1 and 5 days (see Table 1 ). As can be clearly observed by the data, the metal source, soaking time, and reaction temperature each significantly influenced the composition of the resulting product. Metal source. Here, minimal exchange was observed with Fe(acac) 3 compared to the chloride salts, potentially due to the relative stability of the complexes in solution, and the bulky nature of the ligands inhibiting the complex from freely diffusing within the pores. The highest exchange is observed with FeCl 3 , which are expected to diffuse more rapidly due to its smaller molecular size and relatively strong binding within the binding environments found in the metal clusters and at the chelating bispyrazolate moieties. 
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Reaction time. Higher iron loadings were observed at longer reaction times, particularly for those maintained at room temperature. This can be ascribed to the diffusion of the iron source and the rate of exchange and metalation requiring a longer time to reach an equilibrium at lower temperatures.
Soaking temperature. In addition to the rate of loading, the extent of exchange and metalation was higher at higher temperatures. Interestingly, heating of the FeCl 3 reaction mixture at 60 °C over 5 days resulted in near complete exchange of the metal cations.
Single crystal X-ray structure determinations
Following the characterisation of the chemical composition of each of the iron-exchanged samples, single-crystals of the material following a 5-day exchange reaction at 60°C using FeCl 2 ·4H 2 O (iron content: 28.5 ± 3.2%) and FeCl 3 (iron content: 98.6± 0.6%) were subjected to X-ray diffraction experiments (see Supporting Information and Table S1 for further experimental details). These crystalline samples are homogenous in appearance and the crystals were light and dark orange in colour (see Fig. S9 -10), consistent with moderate and high levels of Fe incorporation, respectively. The crystallographic analysis is complicated by competing processes occurring during these metalations, the exchange of metals at the nodes of the MOF, metalation of the wellestablished metal binding site and possibly a minor contribution from residual metal salts in the pores. Despite this, these structures confirmed the original framework connectivity and provide some further insight into the process of metalation, specifically excluding significant pore loading of Fe 3+ for Fe 3 L 3 ·FeCl 3 .
Structure of Fe 3 L 3 •FeCl 3 . For the FeCl 3 exchanged sample, the iron content was established as 98.6± 0.6% indicating that, within the crystals, Fe not only occupies the free coordinating site of Mn 3 L 3 but also substitutes for the Mn 2+ centres of the node. Analysis of the diffraction data was consistent with quantitative exchange of the metals at the metal nodes, as well as a full occupancy at the bispyrazolate binding sites. Importantly, no evidence for significant pore-bound Fe species was observed in the single crystal structure. 13 The upon the inductively-coupled plasma mass spectrometry (ICP-MS) data, a very small residual amount of Mn is still present in these crystals but, given the low levels, we did not include this in the model for structure refinement. While this structure importantly confirms there is no significant electron density in the pores of the MOF, we also examined the ligand-based metalation site within the material. On the basis of the ICP-MS and structural data, metalation at the bis-pyrazole site proceeds in high yield but the form of the metalated product is unclear. In our previous work, 7,13 the identity of the post-synthetic metalation product could be readily discerned from difference electron density maps. To shed light on the structure of the product here, we examined the F obs electron density maps which indicate appreciable disorder of the added metal complex. The metal site is illdefined, consistent with there being a second complex with a different geometry and/or oxidation state disordered over the site. Specifically, the site has two significant regions of electron density above and below the plane formed by the pyrazole nitrogen atoms and the Fe centre (see Fig. S11 ). We have modelled the data as an octahedral Fe 3+ cation (due to slightly shorter Fe-N bonds of 2.084(8) Å) possessing two inner-sphere chloride ions and a third outer-sphere anion within the pores of the framework (see panel d of Fig. S11 ), but the disorder present limits ultimate identification and model refinement. Interestingly, this arrangement of the chloride ions is similar to that observed within iron salts such as FeCl 3 ·6H 2 O, which contains two apical chlorides and four equatorial water molecules, and an outer-sphere chloride ion for charge balance.
Structure of Mn 3-x Fe x L 3 •0.4FeCl 2 (x = 0.55).
In the case of the FeCl 2 -exchanged sample, partial occupancy of ca 0.2 (40% metalation due to the mirror plane) is observed at the bispyrazolate moiety, which was established by trial refinement. This observation coupled with the 28.5 ± 3.2% Fe occupancy in the MOF as determined by ICP-MS leads us to suggest that ca 0.5-0.6 equivalents of Fe occupy the trinuclear node of the MOF. While there is potential for a minor amount of Fe loading into the pores to remain after the washing cycles, the lack of significant electron density in the pores further supports this rationalisation and the assigned formula Mn 3-x Fe x L 3 (x = 0.55). Given the similarities between Fe 2+ and Mn 2+ cations, the bond lengths and angles around the metal node are relatively unchanged. The low occupancy Fe centre bound to the bis-pyrazole coordinating site is surprisingly well-ordered, and the octahedral coordination environment (FeN 2 O 3 Cl) supports retention of the Fe 2+ oxidation state based on the longer Fe-N distance of 2.218(9) Å. Given the relatively low occupancy nature of this site and a limited amount of evidence for the anion species in the pores, we have limited the discussion to this observation. The pores of the MOF contain a peak, assigned as a chloride (0.2 occupancy, 40%), to provide charge balance to the octahedral Fe centre, that sits in the pocket typically occupied by anions within the MOF structure. 7, 13 There is additional electron density in this site (largest peak = 2.958 e·Å 3 , unmodeled before application of the SQUEEZE routine of Platon 15 ), which is potentially ascribable to a partial occupancy of solvent molecules occupying this position in the absence of an anion. Note that the ability of these bispyrazolate moieties to accommodate both Fe 2+ and Fe 3+ ions is of interest in catalytic processes involving redox transformations, and studies directed toward understanding the reactivity of these sites is currently underway.
Summary and Outlook
The foregoing work has described experiments for preparing frameworks of the Mn 3 L 3 structure type with compositions having a mixture of organic linkers or metal cations. As discussed, in the case of the use of the trifluoromethylsubstituted L' linker, the substitutions occur solely at the pillar linker site, and metalation does not occur at the bispyrazolate moiety owing to the hindered rotation about its methylene bridge, as well as the weaker binding stemming from the electron-withdrawing nature of the substituents. Although such a dilution of available metalation sites will limit the ability to structurally characterize the coordination sphere of the added metal centres, it may actually offer significant benefit in cases where factors such catalyst loading, diffusion rates and heat dissipation require tuning in order to maximise the performance of the support. In the case of metal exchange and insertion, the metal source is demonstrated to have the most significant influence on the magnitude and rate of the conversion. Activating these metalated species to afford exposed metal cations, and understanding the reactivity of these metal sites will be a central focus of future studies with an object of developing enhanced MOF-based catalysts. (ethanol due to sample preparation). A peak, assigned as a chloride (0.2 occupancy, 40%) to provide charge balance to added octahedral Fe centre, sits in the pocket typically occupied by anions within the MOF structure.
[3] There is additional electron density in this 'anion binding' site (largest peak = 2.958 eÅ 3 before application of the SQUEEZE routine of Platon) but that data is not of sufficient quality for us to build a reasonable structural model for refinement. The SQUEEZE routine of Platon [4] was applied to the data to account for this residual electron density bringing about significant improvements in R 1 , wR 2 and GOF. 
